Abstract: Invasion and metastasis are major malignant characteristics of human gastric cancer (GC), but the molecular mechanisms underlying the invasion and metastasis of GC cells remain elusive. MPC1, a key factor that controls pyruvate transportation through the inner mitochondrial membrane, was reported to be downregulated and correlated with poor prognosis in several cancers. However, the effects of MPC1 on human GC have not been illustrated. In this study, we investigated the potential role of MPC1 in the proliferation, migration, invasion, and stem cell-like properties of human GC cells and evaluated its prognostic significance for patients with GC. We found that MPC1 protein and mRNA levels were significantly decreased in GC tissues and cell lines. Low MPC1 expression was associated with tumor T stage, N stage, and advanced tumor node metastasis stage. Decreased MPC1 expression was an independent prognostic marker and correlated with poor overall survival of patients with GC. Furthermore, overexpression of MPC1 inhibited the proliferation, migration, invasion, and stem cell-like properties of GC cells. These findings suggest that MPC1 may be a novel prognostic marker and a potential therapeutic target in human GC.
Introduction
Gastric cancer (GC) is one of the most common malignant tumors of the digestive system and the third most common cause of cancer-related death. 1 Although the mortality rate has been decreasing in recent years thanks to significant improvements in early detection, surgical techniques, and chemotherapy, the clinical outcomes for patients with advanced-stage GC are unfavorable. Currently, accumulating evidence suggests that mitochondrial metabolism is required for tumorigenesis. 2 It has been shown that mitochondrial respiration plays a critical role in treatment-resistant cancer cells, 3 metastatic and circulating cancer cells, 4 cancer stem cells, and tumor-initiating cells within several cancers. 5 Moreover, key metabolic enzymes and pathways associated with mitochondrial metabolism are reported to be closely correlated with tumor initiation and progression. 6 MPC1, an approximately 12 kDa protein with two predicted transmembrane domains, is located in the inner mitochondrial membrane. MPC1 was recently identified to be a critical component of a transporter complex to control rate-limiting pyruvate transportation through the inner mitochondrial membrane. 7, 8 Loss of MPC1 protein results in disability of the mitochondrial pyruvate carrier (MPC) complex function and blocks pyruvate entry into the tricarboxylic acid cycle, leading to a metabolism switch to increase glycolysis and the compensatory usage of glutamine. 9 
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Zhou et al Currently, the important role of MPC1 was unveiled in several diseases, in particular in solid tumors. 11, 12 Decreased expression of MPC1 has been correlated with poor survival in esophageal squamous cell carcinoma, and lung, colon, and prostate cancers. [13] [14] [15] [16] It was also discovered that treatment with the MPC inhibitor UK5099 upregulated the expression of the stem cell markers Oct3/4 and Nanog in prostate cancer cells. 12 However, the clinical significance and function of MPC1 in GC have not been established.
In the present study, we report that the protein and mRNA levels of MPC1 are downregulated in both human GC tissues and cell lines. Decreased MPC1 expression is associated with tumor invasion depth (T stage), lymph node metastasis (N stage), and advanced tumor node metastasis (TNM) stage. Low MPC1 expression is significantly correlated with poor overall survival in patients with GC. Overexpression of MPC1 inhibited the proliferation, migration, invasion, and stem cell-like properties of GC cells. Our results suggest that MPC1 may be considered as a novel prognostic indicator and a therapeutic target for human GC.
Materials and methods cell culture
Human GC cell lines MGC803, BGC823, SGC7901, and AGS (Cell Bank of Shanghai Institute of Cell Biology, Chinese Academy of Sciences, Beijing, China) as well as the immortalized gastric epithelium cell line GES-1 (American Type Culture Collection, Manassas, VA, USA) were cultured in RPMI 1640 medium (Sigma-Aldrich Co., St Louis, MO, USA) supplemented with 10% FBS (Sigma-Aldrich Co.).
Patients and tissue samples
From January 2003 to December 2009, we collected a total of 152 formalin-fixed and paraffin-embedded surgical specimens of GC tumors and paired adjacent normal tissues from patients with GC who underwent surgical resection at the Sichuan Cancer Hospital & Institute, Chengdu, Sichuan Province, China. All patient samples were adenocarcinoma. All the 152 patients were treated with radical gastrectomy and D2 lymphadenectomy. The postoperative chemotherapy was based on fluorouracil regimens and none of the subjects received preoperative chemotherapy. All clinical information from the 152 specimens in this project was classified according to different clinical features (Table S1 ). All patients were followed-up more than 5 years. Written informed consent was obtained from all patients. The study was approved by the Ethical Committee of Sichuan Cancer Hospital & Institute.
immunohistochemistry (ihc) and scoring IHC detection of MPC1 was performed on 4 μm tissue sections with Dako Real Envision Detection System (Dako Denmark A/S, Glostrup, Denmark) according to the manufacturer's instructions. After antigen retrieval and blocking, the tissue slides were incubated with the mouse anti-MPC1 monoclonal antibody (1:300; Abcam, Cambridge, UK) at 4°C overnight. Next, the slides were incubated at 37°C for 30 min after an HRP-conjugated secondary antibody (Dako Denmark A/S) was added. Each GC specimen was histologically graded by two pathologists according to the 7th edition of the American Joint Committee on Cancer TNM classification system 17 in a double-blinded manner. H&E staining was performed to confirm the GC characteristics of the tumor sections ( Figure S1A ). The percentage of positive cancer cells was scored as: 1, 1% to 25% positive cells; 2, 26% to 50% positive cells; 3, 51% to 75% positive cells; and 4, .75% positive cells. The intensity was scored as follows: 0, no staining cells; 1, weak staining; 2, mild staining; and 3, strong staining ( Figure S1B ). The IHC staining score was obtained by multiplying the staining intensity from the average percentage of positive cells, following an accepted semi-quantitative evaluation method. 18 Scores were analyzed using the statistical software X-tile 19 with a score of 6 as the cutoff value. Therefore, total scores $8 were defined as MPC1 high and scores #6 were defined as MPC1 low ( Figure S1C ). 
Western blotting
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MPc1 expression and its correlation with human gastric cancer Japan) according to the manufacturer's instructions. Reverse transcription was performed using reverse transcription reagents (Takara). The resulting cDNA was subjected to quantitative reverse transcription polymerase chain reaction (qRT-PCR) using the CFX96 Real-Time Quantitative PCR system (Bio-Rad Laboratories Inc.) with SYBR Premix Ex Taq II (Takara) following the manufacturer's instructions. The primers used in this study are listed in Table S2 . The relative mRNA expression levels were determined by the cycle threshold (Ct) normalized against β-actin using the 2 −ΔΔCt formula. Experiments were performed in triplicate.
ncBi geO datasets analysis
The mRNA levels of MPC1 in GC are publically available from the NCBI GEO database (accession number: GSE27342, GSE26942). Data were log2 transformed and quantile normalized using the R software (version 3.2.5; R Foundation for Statistical Computing, Vienna, Austria) along with packages from the BioConductor project as previously described. 20 For the survival analysis of MPC1, an online tool was used to conduct Kaplan-Meier survival analysis, which included 380 patients with GC after surgery with available clinical data. The analyzed data were downloaded from the website and then Kaplan-Meier curves were plotted using GraphPad Prism 6.01 software (GraphPad Software, Inc., La Jolla, CA, USA). For the expression of the genes, each percentile of expression between the lower and upper quartiles was computed and the best performing threshold was used as the final cutoff for the univariate Cox regression analysis. The hazard ratio with 95% confidence interval and P-value were calculated.
Overexpression of MPc1 using lentivirus
To investigate the function of MPC1 in GC cells, we overexpressed MPC1 in MGC803 and SGC7901 cells. Lentiviral particles containing the GV341 expression vector were performed by GeneChem (Shanghai, China). The amplified sequences were C-terminally fused to FLAG (DYKDDDDK) tags by PCR. Lentiviral particles with a blank vector were used as a negative control. Next, the lentiviral-MPC1-FLAG and control lentivirus were infected into SGC7901 and MGC803 cells for 24 h in medium containing 6 μg/ mL polybrene (Sigma-Aldrich Co.). Fresh culture medium containing 4 μg/mL puromycin was added to select stable puromycin-resistant GC cells.
colony formation assay
To analyze differences in colony formation after MPC1 overexpression, SGC7901 and MGC803 GC cells were thoroughly dissociated and then plated in 6-well plates at a density of 500 cells per well in triplicate. Cells were cultured in 2 mL RPMI 1640 medium containing 10% FBS. The plates were then incubated for 14 days at 37°C with 5% CO 2 until most cell clones had generated more than 50 cells. After staining with Giemsa dye for 15 min at room temperature, the numbers of colonies containing more than 50 cells were counted. Experiments were repeated three times.
cell proliferation assay
Cells dissociated from SGC7901 and MGC803 were prepared into single cell suspension and seeded in 96-well plates at approximately 1,000 cells per well in 0.1 mL of RPMI 1640 medium containing 10% FBS. At 24, 48, 72, and 96 h, culture medium was abandoned and then 0.1 mL of fresh RPMI 1640 containing 10% FBS and 0.01 mL cell counting kit-8 solution (CCK-8; Dojindo Laboratories, Tokyo, Japan) was added. After incubation at 37°C for 1.5 h, the plates were agitated for 15 min, and the optical density of the solution was measured at 450 nm in a photometer according to the protocol.
Migration and invasion assays
Cell migration and invasion assays were performed using modified Boyden chambers with 8 mm pore filter inserts in 24-well plates (BD Biosciences, San Jose, CA, USA). For the invasion assay, the insert membranes were precoated with 10 μL of Matrigel (BD Biosciences)/RPMI 1640 (1:1, v/v) for 30 min at 37°C. GC cells were serum-starved for 12 h before being added to the upper chamber at a density of 2×10 4 cells per well with 200 μL serum-free RPMI 1640 medium. Then, 500 μL RPMI 1640 medium containing 10% FBS was added to the basal chambers. The plates were incubated for 24 h. For the migration assay, the insert membranes were not coated with Matrigel, but they were cultured under the same conditions. After fixation with 4% paraformaldehyde for 20 min, the insert membranes were cut and the cells on the upper surface of the membrane were removed with a cotton swab. Then the cells on the lower surface of the membrane were stained with crystal violet solution (Beyotime). The number of cells attached to the lower surface was counted in five randomly selected high-power fields under an inverted microscope and photographed.
Tumorsphere formation assay
Adherent SGC7901 and MGC803 cells with different treatments were harvested by trypsin digestion and suspended in serum-free DMEM/F12 medium (Gibco, Thermo Fisher Scientific) supplemented with 20 ng/mL recombinant human EGF (Sigma-Aldrich Co.), 20 ng/mL bFGF submit your manuscript | www.dovepress.com
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Zhou et al (Sigma-Aldrich Co.), and 1× B27 (Invitrogen, Thermo Fisher Scientific). The cells were seeded in 24-well ultralow-attachment plates (Corning Incorporated, Corning, NY, USA) to acquire tumorspheres. The number of primary GC cell spheres was counted after 2 weeks in five random fields. Each experiment was performed in triplicate.
subcutaneous xenograft tumorigenicity experiments
This experiment was conducted in accordance with Animal Welfare and 3Rs (Replacement, Reduction, and Refinement) guidelines and was approved by the Ethical Committee of Sichuan Cancer Hospital & Institute. Female BALB/c nude mice (5 to 6 weeks old) were purchased from Laboratory Animal Center of Sichuan University (Chengdu, China) and housed in a pathogen-free environment. MPC1-FLAG or control SGC7901 cells were injected subcutaneously into the axilla of the mice (2×10 4 cells in 0.2 mL Matrigel [1:1, v/v]). Subcutaneous tumor growth was inspected every day. The mice were sacrificed 4 weeks after implantation, and the tumors were collected and weighed.
statistical analysis
All experiments were conducted at least three times. Results were presented as the mean ± standard deviation. Statistical analysis was performed using the SPSS 19.0 software (IBM Corporation, Armonk, NY, USA). Student's t-test was used for comparing the two groups and Pearson χ 2 test was used to determine the correlation between MPC1 expression and the clinicopathological features of patients with GC. The mRNA levels of MPC1 in GSE27342 were compared using paired t-test. Kaplan-Meier survival plots and log-rank statistics were used to compare the survival rates of patients. Univariate and multivariate survival analyses were performed using a Cox proportional hazards model with stepwise selection. The cutoff value of the IHC score was determined by the statistical software X-tile. 19 A value of P,0.05 was considered significant.
Results
MPc1 protein and mrna levels were downregulated in both gc tissues and cell lines
We detected the expression of MPC1 in our 152 paired tumor tissues and adjacent normal tissues. MPC1 staining was observed in the cytoplasm of GC cells ( Figure 1A) . The proportion of MPC1 high cells in GC tissues (48.68%, 74/152) was markedly lower than that in adjacent normal tissues (79.61%, 121/152, P,0.001) ( Table 1) . Moreover, the IHC scores of MPC1 in GC tissues were significantly lower than the corresponding normal tissues (P,0.001, Figure 1B) , indicating that the protein levels of MPC1 were significantly downregulated in GC tissues. We detected the mRNA levels of 15 pairs of fresh GC tissues and corresponding adjacent normal tissues by qRT-PCR analysis. The results demonstrated that MPC1 mRNA levels were higher in normal specimens than in GC tissues (P,0.01, Figure 1C ). In addition, results from GSE27342 and GSE26942 demonstrated that the mRNA levels of MPC1 in GC tissues were obviously lower than in adjacent normal tissues (P,0.001 and P=0.0016, respectively, Figure 1D ). We then analyzed two pairs of fresh GC tissues and corresponding adjacent normal tissues by Western blotting and our results showed that the protein levels of MPC1 in GC tissues were downregulated ( Figure 1E ). To investigate the expression of MPC1 protein and mRNA levels in GC cell lines in comparison with gastric epithelium cells, MGC803, SGC7901, BGC823, AGS, and GES-1 were tested. The results demonstrated that the MPC1 protein and mRNA levels were obviously downregulated in four GC cells lines (MGC803, SGC7901, BGC823, and AGS) compared with gastric epithelium cell line GES-1, especially MGB803 and SGC7901 ( Figure 1F and G) . As a result, MGC803 and SGC7901 were employed for our further study. Overall, our results suggested that the MPC1 protein and mRNA levels were downregulated in both GC tissues and cell lines.
MPc1 expression was correlated with the clinicopathological features of patients with gc
We analyzed the correlation between MPC1 expression and the clinicopathological features of patients with GC. As shown in Table 2 , we listed the clinicopathological indices of 152 patients with GC and corresponding MPC1 levels. Among the 152 cases, 78 cases were MPC1 low and 74 were MPC1 high (Table 1 ). MPC1 expression was negatively correlated with T stage (tumor invasion depth) (P,0.001, Table 2 ; Figure 2A ), N stage (lymph node metastasis) (P=0.037), and TNM stage (P=0.028). No significant correlations between MPC1 expression and age, sex, tumor site or histological grade were found (Table 2) . Furthermore, we analyzed the relationship between IHC scores of MPC1 and TNM stage in our 152 cases and our results revealed that low MPC1 was correlated with advanced TNM stage (P=0.005, Figure 2B ). We also analyzed the mRNA levels of MPC1 in different TNM stages from GSE26942. Results from GSE26942 indicated that lower MPC1 expression was 
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Decreased MPc1 expression predicted poor overall survival of patients with gc
To further evaluate the prognostic significance of MPC1 expression in GC, Kaplan-Meier survival analysis of our 152 patients with GC were conducted. The overall survival rates for MPC1 high patients were significantly higher than those with MPC1 low tumors (P,0.001, Figure 3A ). Univariate and multivariate analyses of the 152 cases showed that low MPC1 expression was an independent prognostic indicator for the overall survival of GC patients (Table 3) . Moreover, survival analysis of 380 GC patients after surgery from the NCBI GEO database using the online tool kmplot (http://www.kmplot.com/gastric) indicated that low MPC1 expression was associated with poor overall survival (P=0.0036, Figure 3B ).
Overexpression of MPc1 attenuated the proliferation, migration, and invasion of gc cells
To confirm the function of MPC1 in GC progression, we evaluated the subsequent effects of MPC1 overexpression on 
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Zhou et al the proliferation, migration, and invasion of GC cells. Overexpression of MPC1 protein levels in MGC803 and SGC7901 cells was tested by Western blotting analysis ( Figure 4A ). The colony formation assay showed that the number and average size of colonies formed by MPC1-FLAG MGC803 and SGC7901 cells in vitro were smaller than those formed by control cells (P,0.05, Figure 4B and C). In our CCK-8 assays, the proliferation ability was significantly inhibited in MPC1-FLAG MGC803 and SGC7901 cells ( Figure 4D ). The migration and invasion assays showed that overexpression of MPC1 significantly impaired the migrating and invasive capabilities of GC cells (P,0.05, Figure 4E and F). These results suggested that overexpression of MPC1 inhibited the proliferation, migration, and invasion of GC cells in vitro.
Overexpression of MPc1 impaired stem cell-like properties in gc cells
To investigate whether overexpression of MPC1 has an effect on stem cell properties of GC cells, stem cell markers such as Nanog, Sox-2, and Oct-4 21, 22 were detected using Western blotting and qRT-PCR analyses. Enhanced MPC1 expression led to significant decrease in the protein and mRNA levels of Nanog, Sox-2, and Oct-4 compared with control cells (Figure 5A and B) . We then evaluated the effect of MPC1 overexpression on the sphere formation ability of GC cells. We found that the number and size of spheres formed by MPC1-FLAG cells were decreased ( Figure 5C and D) . In vivo, tumor-initiating capability of SGC7901 cells was inhibited by MPC1 overexpression. The size of xenograft tumors derived from MPC1-FLAG cells was significantly smaller than those formed by control cells ( Figure 5E ). 
5157
MPc1 expression and its correlation with human gastric cancer
The weights of the xenograft tumors corresponded to their sizes (P,0.01, Figure 5F ).
Discussion
GC cells have metabolic alterations characterized by an increased rate of glycolysis and producing high amounts of lactate in the presence of oxygen, a process known as the Warburg effect. 23, 24 Multiple mechanisms contribute to this metabolic derangement in cancer cells, of which the metabolism of pyruvate is one of the most important differences made by normal cells and cancer cells. Cancer cells divert pyruvate and its precursors to fuel other anabolic processes or convert it to lactate for excretion. 25 Altered pyruvate metabolism appears to be critical in enabling and promoting the transformed phenotype in many cancers. One of the mechanisms to explain the decrease in mitochondrial pyruvate oxidation within cancer cells was a loss of mitochondrial pyruvate import.
26
MPC1 and MPC2 were originally known as BRP44L and BRP44, and were recently found to form a hetero-oligomeric complex mounting in the inner mitochondrial membrane and facilitating pyruvate into the mitochondrial matrix. 7, 8 Downregulation of MPC1 was reported in a variety of tumor cell lines and solid tumors. 15 Several studies illustrated that cancer cells could reduce the activity of MPC by inhibiting the expression of MPC1 to facilitate tumor growth, and that tumor metastasis could be impaired by enhancing MPC1 expression. 14, 27 In prostate cancer, it was discovered that COUP-TF II was recruited to the MPC1 promoter to suppress MPC1 expression and overexpression of MPC1 suppressed tumor cell growth and invasion.
14 Although studies demonstrated that MPC1 played a critical role in several cancers, the function of MPC1 in GC cells and its prognostic significance in patients with GC remained ambiguous.
In this study, we firstly detected the protein and mRNA levels of MPC1 in GC tissues and cell lines with Western blotting, immunohistochemical staining, and qRT-PCR analyses. Furthermore, mRNA levels of MPC1 in two NCBI GEO datasets (accession numbers: GSE27342 and GSE26942) were explored and a publicly available GC patients database (NCBI GEO database) was analyzed using an online tool (http://www.kmplot.com/gastric) to generate 
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Zhou et al Kaplan-Meier curves. We found that the protein and mRNA levels of MPC1 were downregulated in both GC tissues and cell lines. Our results expanded the knowledge of the expression patterns of MPC1, which were also reported to be downregulated in esophageal squamous cell carcinoma and prostate, colon, kidney, and lung cancers. 15, 16, 28 Our survival analysis demonstrated that low MPC1 expression was an independent prognostic indicator and predicted poor overall survival in patients with GC. To our knowledge, this is the first clinicopathological study to link MPC1 to the clinical outcome of patients with GC.
Considering that aerobic glycolysis has been generally associated with cancer cell proliferation, we evaluated the function of MPC1 in the proliferation of GC cells. Through colony 
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MPc1 expression and its correlation with human gastric cancer formation assay, we found that overexpression of MPC1 resulted in decreased colony number and size in both SGC7901 and MGC803 cells. Our CCK-8 assay demonstrated that overexpression of MPC1 strongly inhibited the proliferation in both cells. In MGC803 cells, significant difference in proliferation was observed as early as 48 h, whereas in SGC7901 cells, it was first observed at 72 h.
Currently, fascinating and novel studies have shown that aerobic glycolysis is also coupled to a series of other cellular functions contributing to the progression of cancer in addition to proliferation. 29 Tumor cells tend to have increased acid production due to aerobic glycolysis and this resulted in normal cell death and extracellular matrix degradation. These changes facilitate filopodia formation and enhance the migration and invasion of cancer cells. [30] [31] [32] [33] [34] Therefore, we investigated the role of MPC1 in the migrating and invasive capabilities of GC cells. Our results indicated that overexpression of MPC1 significantly decreased the migrating and invasive abilities of GC cells. It was discovered that the inhibition of MPC function by using UK5099 promoted the "stemness" of prostate cancer cells. 12 In the murine prostate cancer cell line RM-1, MPC1 gene knockout significantly increased "stemness" features, migrating capabilities, and resistance to both chemotherapy and radiotherapy. 22 Furthermore, it was also reported 
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Zhou et al that overexpression of MPC1 in colorectal cancer cell lines resulted in decreased ability of tumorsphere formation, impaired in vivo tumorigenicity, and downregulated stem cell markers. 15 Thus, we investigated whether overexpression of MPC1 could have an effect on the stem cell properties in GC cells. We selected Nanog, Sox-2, and Oct-4 as GC stem markers. 21 As shown in Figure 5A and B, overexpression of MPC1 decreased the expression of GC stem markers. Furthermore, we found that MPC1 overexpression inhibited the formation of tumorspheres in vitro and tumor-initiating capacity in vivo. Our study indicated that MPC1 overexpression impaired the stem cell-like properties of GC cells.
Conclusion
In conclusion, our study illustrates an important function of MPC1 in the malignant behaviors of GC. We demonstrated that MPC1 expression was downregulated in both GC tissues and cell lines. Low MPC1 expression correlates with poor overall survival in patients with GC. Furthermore, MPC1 overexpression inhibits the proliferation, migration, invasion, and stem cell-like properties of GC cells. Our findings suggest that MPC1 is a novel prognostic marker and tumor suppressor gene for patients with GC, and can be a potential candidate target for the treatment of GC.
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Supplementary materials
Overexpression of MPc1 inhibits the proliferation, migration, invasion, and stem cell-like properties of gastric cancer cells The relative risk plot of each ihc score generated by X-tile software to identify the optimal cutoff value. Abbreviations: gc, gastric cancer; ihc, immunohistochemistry; Pt, patient.
OncoTargets and Therapy
Publish your work in this journal
Submit your manuscript here: http://www.dovepress.com/oncotargets-and-therapy-journal
OncoTargets and Therapy is an international, peer-reviewed, open access journal focusing on the pathological basis of all cancers, potential targets for therapy and treatment protocols employed to improve the management of cancer patients. The journal also focuses on the impact of management programs and new therapeutic agents and protocols on patient perspectives such as quality of life, adherence and satisfaction. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. 
